1. Introduction {#sec1-ijms-21-03838}
===============

Nanoparticles (NPs) are particles of matter with a dimension between 1 and 100 nanometers (nm), comparable in size to subcellular structures and cell organelles. NPs properties (mechanical, optical, magnetic, electrical, and catalytic) are functions of their size, as they can widely vary at a parity of composition \[[@B1-ijms-21-03838]\]. Moreover, physical and chemical properties can also depend on the NPs synthesis procedure \[[@B2-ijms-21-03838]\]. Zinc oxide (ZnO) NPs are among the most utilized in different industrial applications, including cosmetic, biological, chemical, and construction \[[@B3-ijms-21-03838]\]. Despite the wide industrial use, the labeling of ZnO NP-containing products is often confusing, making it difficult to understand the real/exact NPs presence in consumer products, and thus, obscuring the potential risk associated with them. Due to their notable ability to reflect UV and transparency to visible light, ZnO NPs are widely employed in sunscreen production \[[@B4-ijms-21-03838]\]. Although human skin is an effective barrier to ZnO NPs, under particular conditions (e.g., abrasions), the very tiny dimension of NPs allows them to penetrate the skin and enter the body \[[@B4-ijms-21-03838]\]. Airway exposure to NPs via inhalation is another potential risk for workers in the chemical, cosmetic, or paint industries. NPs may indeed reach and hurt the respiratory tract causing toxic effects and inflammatory responses in addition to an enhanced risk of developing cardiovascular diseases and cancer \[[@B5-ijms-21-03838],[@B6-ijms-21-03838],[@B7-ijms-21-03838]\]. Studies employed in vitro show both cytotoxic and genotoxic damages \[[@B8-ijms-21-03838],[@B9-ijms-21-03838]\]. Among the possible ZnO NPs toxicity associated mechanisms, increased production of reactive oxygen species (ROS) appears to play a central role \[[@B10-ijms-21-03838]\]. Within the cell, oxidative stress results from the imbalance between ROS production and antioxidant defense \[[@B9-ijms-21-03838]\]. When ZnO NPs enter the cell, the immune system and anti-inflammatory response produce increased ROS generation \[[@B10-ijms-21-03838],[@B11-ijms-21-03838],[@B12-ijms-21-03838]\]. However, a prolonged or excessive ROS production is difficult to counterbalance by the antioxidant defense, leading, therefore, to oxidative stress \[[@B13-ijms-21-03838],[@B14-ijms-21-03838]\]. In vivo animal studies also show that ZnO NPs exposure leads to antioxidant system impairment due to GSH, SOD, and CAT depletion \[[@B15-ijms-21-03838],[@B16-ijms-21-03838],[@B17-ijms-21-03838]\]. An altered intracellular redox state also activates cytokines and chemokines release inducing pro-inflammatory responses leading to cell toxicity and tissue damage \[[@B14-ijms-21-03838]\]. Further, redox imbalance-associated pathways can also cause DNA damage such as gene mutations, chromosomal fragmentation, and DNA strand breakages, ultimately inducing cell death by apoptosis or necrosis \[[@B14-ijms-21-03838],[@B17-ijms-21-03838]\]. Since redox homeostasis plays a pivotal role in maintaining cellular physiology, the use of antioxidants might represent a potential approach to prevent or reduce NP-induced oxidative stress and its associated cell damage \[[@B14-ijms-21-03838]\].

In this context, recent studies show that common antioxidants such as ascorbic acid and Vitamin E can reduce NPs toxicity associated with oxidative stress \[[@B18-ijms-21-03838],[@B19-ijms-21-03838]\]. Natural occurring polyphenol compounds, including quercetin and curcumin, have also been reported to possess protective effects against NPs-induced oxidative damage \[[@B20-ijms-21-03838],[@B21-ijms-21-03838],[@B22-ijms-21-03838]\]. Within phytochemicals, resveratrol, a compound occurring in many fruits like grapes, mulberries, peanuts, and cocoa, has been widely reported to exhibit antioxidant and scavenging activities \[[@B23-ijms-21-03838]\]. In addition, emerging studies have reported a protective role of resveratrol against toxicity induced by nanomaterials \[[@B24-ijms-21-03838]\] and ZnO NPs in epithelial cells, Nile tilapia, and Caenorhabditis elegans \[[@B25-ijms-21-03838],[@B26-ijms-21-03838]\]. While there is a copious number of in vitro studies on the protective effects of antioxidants against NP-induced damage, there are few works carried out in vivo, and none in zebrafish embryos despite the advantages related to their utilization. Zebrafish indeed have a set of advantages related to their usefulness in experimental settings, including rapid embryogenesis, high reproductive rate, and genetic similarity to humans \[[@B27-ijms-21-03838],[@B28-ijms-21-03838]\]. This work aims to investigate and report for the first time on the protective effects of resveratrol against ZnO NP-induced toxicity in zebrafish embryos and provide new insight into the underpinning mechanism.

2. Results and Discussion {#sec2-ijms-21-03838}
=========================

2.1. Resveratrol Protects Zebrafish Embryos form ZnO NP-Induced Mortality {#sec2dot1-ijms-21-03838}
-------------------------------------------------------------------------

To investigate the potential toxicity of ZnO NPs, zebrafish embryos from 24 to 96 h post-fertilization (hpf)were exposed to five different concentrations of NPs (0.5, 1, 1.5, 3, and 6 mg/L), and the percentage of cumulative survival was calculated at 96-hpf. The "no observed effect concentration" (NOEC) was established at 0.5 μg/mL ZnO NPs. Starting from 1.0 μg/mL the lethality score was ≥20% (LOEC---low observed effect concentration), while the lethal concentration required to kill 50% of embryos (LC50) was established at 3 μg/mL ([Figure 1](#ijms-21-03838-f001){ref-type="fig"}A). Resveratrol has been reported to have potentially toxic effects in relation to the concentration employed and the environmental redox state \[[@B29-ijms-21-03838]\]. In this regard, from our dose-response experiments, 5 µM was shown to be the dosage of resveratrol unable to affect the ROS levels in zebrafish embryos.Therefore, to evaluate the protective effect of resveratrol on ZnO NP-induced lethality, we performed a recovery assay, treating embryos from 24 to 96-hpf with 3 μg/mL ZnO NPs (LC50) in the presence/absence of 5 µM resveratrol. The treatment of zebrafish with resveratrol was able to strongly increase the survival rate of 3 mg/L NP-treated embryos (48% survival) as compared to the resveratrol-untreated one (68% survival) reducing the mortality from 52 to 32 percent ([Figure 1](#ijms-21-03838-f001){ref-type="fig"}B). Our results confirm that ZnO NPs are harmful in vivo and provide further evidence for the protective effect of antioxidants toward the toxicity induced by NPs. In this context, our current data represent the first investigation showing the protective role of resveratrol against ZnO NP-induced toxicity in the zebrafish animal model. Notably, human and zebrafish have a high level of genetic orthology, suggesting this small fish may be an important "in vivo model" to study human diseases \[[@B27-ijms-21-03838]\]. Therefore, we believe our findings may provide useful information to translate the use of naturally occurring antioxidants into the treatment, prevention, or amelioration of NP-elicited diseases associated with oxidative stress such as cardiovascular diseases \[[@B30-ijms-21-03838],[@B31-ijms-21-03838]\].

2.2. Resveratrol Decreases ZnO NP-Induced Pro-Oxidant Effect {#sec2dot2-ijms-21-03838}
------------------------------------------------------------

A number of different studies, many of which were conducted in aquatic organisms \[[@B16-ijms-21-03838],[@B32-ijms-21-03838]\], including zebrafish \[[@B33-ijms-21-03838],[@B34-ijms-21-03838]\], demonstrated that oxidative stress is a central mechanism of ZnO NP-induced toxicity. Indeed, in the aquatic environment, Zn^2+^ is partially released from ZnO NPs \[[@B16-ijms-21-03838],[@B33-ijms-21-03838]\] determining, thus, an increased ROS production, which may lead to a redox status imbalance and oxidative stress if not properly counterbalanced by the cellular antioxidant defense. Recent in vitro and in vivo studies show that antioxidants employment can reduce NP-elicited oxidative stress and general toxicity \[[@B19-ijms-21-03838],[@B21-ijms-21-03838],[@B22-ijms-21-03838]\]. However, this field of research is still widely unexplored, since only a few antioxidants have been tested and their potential protective effects, as well as the underpinning mechanisms, are still under active investigation. In this context, resveratrol is a polyphenol produced by several plants in response to injury or pathogen attack \[[@B35-ijms-21-03838]\]. Despite the fact that resveratrol possesses strong antioxidant activity widely documented in several diseases and drug toxicity models associated with oxidative stress \[[@B35-ijms-21-03838]\], its efficacy against ZnO-induced nanotoxicity, as well as the associated molecular mechanisms, remain to be elucidated. In this light, we undertook a set of experiments to provide a new mechanistic insight on the protective effect of resveratrol in the widely used in vivo model, the zebrafish (*Danio rerio*) \[[@B27-ijms-21-03838]\]. We first investigated the ability of resveratrol to prevent ZnO NP-induced oxidative stress in zebrafish embryos. As shown in [Figure 2](#ijms-21-03838-f002){ref-type="fig"}, measurements of ROS levels were significantly higher in the NP-treated larvae than in the control group, confirming the ability of ZnO NPs to induce oxidative stress in zebrafish. Moreover, co-exposure with 5 µM resveratrol strongly decreased the ROS levels and completely counteracted the oxidative stress induced by NPs ([Figure 2](#ijms-21-03838-f002){ref-type="fig"}). Observation of embryos under fluorescence microscopy confirmed the ROS quantification data and revealed the most NP-affected areas in the fish. As compared to the control group ([Figure 3](#ijms-21-03838-f003){ref-type="fig"}, CT), ZnO NP-treated zebrafish larvae showed a higher intensity of DCFDA fluorescence, clearly visible in the abdominal region ([Figure 3](#ijms-21-03838-f003){ref-type="fig"}, ZnO). As further evidence of resveratrol to decrease ROS production, embryos treated with resveratrol showed a markedly reduced fluorescence in the abdominal region ([Figure 3](#ijms-21-03838-f003){ref-type="fig"}, ZnO + RES).

2.3. Resveratrol Counteracts ZnO NP-Induced Mitochondrial Damage {#sec2dot3-ijms-21-03838}
----------------------------------------------------------------

Besides the intrinsic pro-oxidant effect of NPs \[[@B36-ijms-21-03838]\], ROS are also produced in a variety of biochemical reactions within the cell. Mitochondria, for instance, along with their well-known function as a cellular energy (ATP) provider, are the primary source of ROS, as a result of the respiration process \[[@B37-ijms-21-03838]\]. In this regard, mitochondria appear to be the major target of NPs, which, once inside the organelle, can modify mitochondrial functionality (by impairing the electron transport chain or activating the NADPH-like enzyme system) or damage the mitochondrial membrane, resulting in increased release of ROS \[[@B38-ijms-21-03838]\]. NP-induced impairment of mitochondrial functionality has been well documented in human cells \[[@B39-ijms-21-03838],[@B40-ijms-21-03838],[@B41-ijms-21-03838]\]. Recent work in zebrafish show that exposure to ZnO NPs causes a decrease of mitochondrial membrane potential and alters the balance of important membrane proteins (such as Bcl-2 and Ucp-2), their function related to ROS production \[[@B34-ijms-21-03838],[@B42-ijms-21-03838]\]. To understand whether the protective effect exerted by resveratrol in zebrafish may depend on the safeguard of mitochondria function, we measured the mitochondrial membrane potential (ΔΨm) in NP-treated cells both in the absence and presence of resveratrol. For this purpose, the fluorescence JC-1 probe was used to assess mitochondrial function \[[@B43-ijms-21-03838],[@B44-ijms-21-03838]\]. In healthy mitochondria (high membrane potential), JC-1 is incorporated inside the matrix, forming aggregates with bright red fluorescence, while its fluorescence becomes green when it leaves the mitochondria with low membrane potential caused by a damaged mitochondrial membrane. A measure of mitochondrial damage level is, thus, expressed by the green/red fluorescence ratio \[[@B43-ijms-21-03838],[@B44-ijms-21-03838],[@B45-ijms-21-03838]\]. As compared to untreated embryos, zebrafish larvae treated with ZnO NPs showed a marked decrease of membrane potential, indicated by the high green/red ratio value ([Figure 4](#ijms-21-03838-f004){ref-type="fig"}). Alternatively, embryos treated with resveratrol displayed a reduced value of green/red ratio (higher membrane potential), indicating that resveratrol has the ability to reduce the mitochondrial damage elicited by NPs. The mitochondrial protective effect of resveratrol is also clearly underlined in the qualitative imagines captured under a fluorescent microscope ([Figure 5](#ijms-21-03838-f005){ref-type="fig"}), where NP-exposed fish embryos treated with resveratrol ([Figure 5](#ijms-21-03838-f005){ref-type="fig"}, ZnO + Res) showed a red fluorescence as bright as the control group ([Figure 5](#ijms-21-03838-f005){ref-type="fig"}, Ct). On the contrary, embryos treated with only ZnO NPs (ZnO) exhibit a marked shift in fluorescence from red to green, with a red signal scarcely visible.

2.4. Resveratrol Prevents ZnO NP-Induced Apoptosis and Necrosis {#sec2dot4-ijms-21-03838}
---------------------------------------------------------------

ROS accumulation causes progressive cellular damage and eventually lead to cell death by apoptosis or/and necrosis \[[@B46-ijms-21-03838]\]. Although sometimes difficult to differentiate, necrosis generally occurs in cases of acute and extensive damage with resulting cell lysis and leakage of cell constituents into the extracellular space \[[@B46-ijms-21-03838]\]. Apoptosis, conversely, is a well-regulated form of cell death, which requires an intact plasma membrane and the action of specific proteases and nucleases \[[@B46-ijms-21-03838]\]. Mitochondrial dysfunction, with loss of membrane permeability and integrity, are typical features of apoptosis \[[@B47-ijms-21-03838]\]. Indeed, mitochondrial damage is generally associated with early apoptosis, whereas DNA damage to a later apoptotic phase \[[@B47-ijms-21-03838]\]. In this regard, mitochondria appear as the main target of NP-induced oxidative stress, and the mitochondrial apoptotic pathway (noted as the intrinsic pathway of apoptosis) plays a prevalent role in cell death induced by the metal oxide NPs \[[@B47-ijms-21-03838]\]. To gain mechanistic insight to ZnO NP-induced cell damage in zebrafish, the acridine orange/propidium iodide (AO/PI) assay was carried out to evaluate the prevalence of apoptosis and necrosis in fish embryos treated with ZnO-NP. Quantitative results depicted in [Figure 6](#ijms-21-03838-f006){ref-type="fig"}A,B indicated a high level of both apoptosis ([Figure 6](#ijms-21-03838-f006){ref-type="fig"}A) and necrosis ([Figure 6](#ijms-21-03838-f006){ref-type="fig"}B), providing evidence of ZnO NP ability to induce in vivo damage of zebrafish embryos. The same picture indicates that the NP-induced cell impairment was completely prevented by resveratrol treatment, confirming resveratrol protection against ZnO NP-induced cell damage, and further highlighting that antioxidants may be successfully employed to reduce NPs toxicity ([Figure 6](#ijms-21-03838-f006){ref-type="fig"}A,B). The double staining AO/PI image offers the advantage to potentially discriminate between apoptotic cells, with the intact membrane, and necrotic cells with the damaged membrane. Indeed, apoptotic cells show a very bright green signal because of AO binding to the condensed chromatin in the nucleus, while necrotic dead cells with damaged membrane display a red fluorescence signal due to PI accumulation inside the cytoplasm. Qualitative microscope analysis of zebrafish embryos stained with AO/PI paralleled quantitative data, clearly displaying an increase of both green (apoptosis) and red fluorescence (necrosis) following ZnO NPs treatment, an effect dramatically counteracted by the resveratrol which reported both fluorescence levels comparable to the untreated fish ([Figure 7](#ijms-21-03838-f007){ref-type="fig"}). Again, the current data represent the first evidence regarding the protective effect of resveratrol against ZnO NP-induced toxicity in zebrafish.

2.5. Resveratrol Counteracts Cardiac Vascular Modifications and Function Induced by ZnO NP {#sec2dot5-ijms-21-03838}
------------------------------------------------------------------------------------------

Next, we investigated the ability of resveratrol to reduce zebrafish fetal malformations induced by ZnO NPs. To this end, zebrafish embryos were examined after three days of NPs treatment in both the presence and absence of the antioxidant polyphenol. For each individual embryo, typical developmental-associated phenotypes such as body length, eye size, yolk size, and cardiac functions like heartbeat, the diameter of first blood vessels, and blood flow velocity were assessed. Images were captured by the HCImage software, version 4.4.1.0 (Hamamatsu Photonics, Tsukuba, Japan) and analyzed with the ImageJ software version 1.52a. No standard body measurements (body length, eye size, yolk size) variation was detected in embryos exposed to ZnO NPs for three days, except for the eyes size that presented larger as compared to the control group. On the contrary, cardiovascular functions instead showed significant modifications in response to the embryos exposition to ZnO NP ([Figure 8](#ijms-21-03838-f008){ref-type="fig"}A,B). In particular, the diameter of both dorsal aorta (DA) and posterior cardinal vein (PCV) was strongly reduced in NP-treated embryos, a phenomenon that was significantly ameliorated by resveratrol treatment ([Figure 8](#ijms-21-03838-f008){ref-type="fig"}A,B). Moreover, blood flow velocity in both DA and PVC was significantly affected in ZnO NP-treated fish, but once again, resveratrol was able to significantly counteract the NP-induced effect ([Figure 8](#ijms-21-03838-f008){ref-type="fig"}A,B). ZnO NPs exposure had no significant effect on the heartbeat in the analyzed zebrafish embryos.

2.6. Resveratrol Ameliorates Morphological Vascular Modifications Induced by ZnO NPs {#sec2dot6-ijms-21-03838}
------------------------------------------------------------------------------------

Alterations in blood flow during embryonal development are often associated with heart defects in the adult stage \[[@B48-ijms-21-03838]\]. Moreover, recent work in zebrafish reported that a reduction of blood flow and vessel diameters in ZnO NP- and ceramide-treated embryos is related to abnormal blood vessel development \[[@B49-ijms-21-03838],[@B50-ijms-21-03838]\]. The primitive circulatory system in zebrafish consists of the dorsal aorta and cardinal vein \[[@B51-ijms-21-03838]\]. At one-day post-fertilization, angiogenesis occurs in the trunk leading to the formation of intersegmental vessels (ISVs) \[[@B51-ijms-21-03838]\]. These vessels, due to their typical "S-like" phenotype, with a wavy structure and a constant width, represent a valid target for investigating angiogenic alterations \[[@B52-ijms-21-03838],[@B53-ijms-21-03838]\]. In this context, we next investigated whether resveratrol protection against ZnO NP-induced damage may extend to the zebrafish vasculature. To better address this question and have a clearer image of the zebrafish vasculature, we used the transgenic zebrafish line (Flil:EGFP), where fish express an enhanced green fluorescence protein (EGFP) under the control of the endothelial-specific promoter (fli1) \[[@B54-ijms-21-03838]\]. Exposure to ZnO-NPs resulted in the production of two main modified phenotypes in fli1 embryos of 96 and 120 hpf ([Figure 9](#ijms-21-03838-f009){ref-type="fig"} and [Figure 10](#ijms-21-03838-f010){ref-type="fig"}). Intersegmental vessels of ZnO NP-treated zebrafish, although showing a regular wavy pattern, displayed an altered width significantly smaller as compared to that of the untreated group ([Figure 9](#ijms-21-03838-f009){ref-type="fig"}). As reported in the same image, the NP ZnO-elicited phenotype was prevented by the addition of resveratrol ([Figure 9](#ijms-21-03838-f009){ref-type="fig"}), resulting in embryos showing vessel patterns similar to that of untreated fish ([Figure 9](#ijms-21-03838-f009){ref-type="fig"}). ZnO NP-vasotoxicity on zebrafish was further confirmed by causing a modification of the vessel thickening in the caudal vein plexus region ([Figure 10](#ijms-21-03838-f010){ref-type="fig"}). As reported both qualitatively and quantitatively in [Figure 10](#ijms-21-03838-f010){ref-type="fig"}, NP-induced vessel thickening appeared as more intense EGFP fluorescence, which was efficiently and significantly attenuated by resveratrol treatment. The current findings on vascular phenotypes modification, besides representing additional evidence of the potential harm ZnO NP's have toward the vascular system, highlight once again the ability of resveratrol to blunt the ZnO NP-exerted effects and the beneficial action of antioxidants in counteracting or preventing cardiovascular diseases associated to NPs exposure.

3. Materials and Methods {#sec3-ijms-21-03838}
========================

3.1. Chemicals {#sec3dot1-ijms-21-03838}
--------------

ZnO NPs dispersion 50 WT% in H2O, particle size ≤ 100 nm were purchased from Sigma--Aldrich, MO, USA (Catalog n° 721077). E3 medium (egg water) with N-phenylthiourea (PTU) (Sigma, Steinheim, Germany) used either to cultivate zebrafish embryos and to inhibit pigment formation during embryos development and facilitate their visualization under the microscope. Constituents of E3 media are: 5.0 mM sodium NaCl, 0.17 mM KCl, 0.33 mM MgSO~4~∙7H~2~O and 0.33 mM CaCl~2~∙2H~2~O, all purchased from Sigma, Steinheim, Germany. To prevent fungal, bacterial, and viral contamination, Methylene blue (Kordon-USA) was added in the E3 medium. ROS and mitochondrial membrane potential measurements were performed using respectively Carboxy-H2DCFDA probe (\#C400-Thermo Fisher, MA, USA) and JC-1 (\#T3168 Thermo Fisher, MA, USA). Apoptosis and necrosis were determined using Acridine Orange (AO) hydrochloride solution 10 mg/mL in H2O (\#A8097 Sigma--Aldrich, MO, USA) and propidium iodide (PI), stock solution 1 mg/mL in H2O (\# P4170. Sigma--Aldrich, MO, USA) respectively. Resveratrol (\# R5010 Sigma--Aldrich, MO, USA) stock solution 50 mM in Ethanol. Stock solutions for zebrafish embryos experiments, including phosphate buffer saline (PBS) PTU, E3 medium, and methylene blue solution, were prepared as previously described \[[@B55-ijms-21-03838],[@B56-ijms-21-03838]\].

3.2. NPs Suspension Preparation {#sec3dot2-ijms-21-03838}
-------------------------------

Stock suspension of nano-ZnO (50 mg/L in E3 medium) was prepared fresh and dispersed using a probe sonicator (Fisherbrand™ Q55 Sonicator. Fisher Scientific, Waltham, MA, USA) in an ice bath, for 30 s and 50 amplitude. All used treatments were dispersed in E3 medium and sonicated with the same conditions described above. This type ZnO NPs have been widely employed and prepared suspensions characterized \[[@B26-ijms-21-03838],[@B57-ijms-21-03838],[@B58-ijms-21-03838],[@B59-ijms-21-03838]\].

3.3. Zebrafish Husbandry {#sec3dot3-ijms-21-03838}
------------------------

All the study experimentations, including zebrafish culture, breeding, embryos collection, embryonic and larval culture were performed according to the local and international regulations. All the assays complied with animal protocol guidelines required by the Qatar University Institutional Animal Care and Use Committee (IACUC) and Policy on Zebrafish Research established by the Department of Research in the Ministry of Public Health, Qatar. Wild-type AB and transgenic zebrafish TG (flil:EGFP) zebrafish (*Danio rerio*) lines were used in the toxicity experiments. The AB strain was primarily obtained in 2014 from the Model Fish Facility (MFU), Norwegian University of Life Sciences, Department of Production Animal Clinical Sciences, Oslo, Norway. Zebrafish were maintained in an environmentally controlled lab (14 h light/10 h dark cycle with a water temperature of 28 °C) \[[@B60-ijms-21-03838],[@B61-ijms-21-03838]\] using the Aquaneering system (San Diego, CA, USA) in the Biomedical Research Center (BRC) at Qatar University (QU). Brine shrimps and dry food was provided to the adult fish twice every day. The levels of conductivity, temperature, and pH were monitored continuously and simultaneously by the sensors of the semi-automated aquaneering system. Zebrafish were prepared for mating by locating two pairs of adult female and male fish in a single mating tank separated by a divider and left in the dark overnight. The next morning, spawning was triggered by removing the divider. The embryos were left to mate for 5 h, then healthy fertilized eggs were collected and washed with PTU-E3 media before conducting the experiments.

3.4. Acute Toxicity Assays {#sec3dot4-ijms-21-03838}
--------------------------

To evaluate the toxic effect of ZnO NPs, a dose-response assay was performed to determine the median lethal dose (LC50). Zebrafish embryos (25 for each concentration) were treated for 3 days, from 24 to 96 hpf, with five different concentrations (0.5, 1, 1.5, 3, and 6 mg/L) of ZnO NPs dispersion. Embryos were distributed in 12-well plates and counted for lethality every 24 h. Mortality rates were recorded using the Ziess Stemi 2000-C stereomicroscope by observation of heart beating, motility and color of tissues that change to opaque in dead embryos. A sigmoidal curve was graphed to show the dose-inhibition response, in which the percentage of mortality represents the y-axis and the Log (Concentration) in the x-axis \[[@B62-ijms-21-03838]\]. Then, the median lethal dose (LC50) was determined from the curve using the Graph Pad Prism Software \[[@B63-ijms-21-03838]\]. In addition, no observed effect concentration (NOEC) and low observed effect concentration (LOEC) were estimated. NOEC is the concentration at which the mortality score is \<20%, whereas LOEC is when the death rate is equal to or \>20%.

3.5. Zebrafish Embryo Imaging and Cardiotoxicity Assay {#sec3dot5-ijms-21-03838}
------------------------------------------------------

Imaging of zebrafish embryos was performed with Zeiss SteREO Discovery V8 Microscope equipped with Hamamatsu Orca Flash high-speed camera and HCImage software, version 4.4.1.0 (Hamamatsu Photonics, Tsukuba, Japan) as described in \[[@B64-ijms-21-03838]\]. 96-hpf selected embryos were placed on a depression slide with 1--2 drops of 3% methylcellulose. Embryos were oriented and positioned on their side for measurement of the two major blood vessels, dorsal aorta (DA) and posterior cardinal vein (PCV). The captured images were analyzed using ImageJ software version 1.52a (NIH, Washington DC, USA) bundled with Java 1.8.0 in which variations in the size of the yolk, eye, and body length were measured. Moreover, videos of the tail were recorded for all embryos at the same site where the two major blood vessels were visible. Then, MicroZebraLab Blood Flow software from ViewPoint (Lyon, France) was used to measure three parameters; blood flow velocity, vessel diameter, and heart rate for both blood vessels \[[@B64-ijms-21-03838]\].

3.6. ROS Measurement {#sec3dot6-ijms-21-03838}
--------------------

ROS levels were determined by using the ROS fluorescent probe Carboxy-H2DCFDA. The non-fluorescent probe molecule diffuses into cells where once deacetylated by cellular esterase, is converted into a highly fluorescent green inform presence in the presence of ROS. Zebrafish embryos (72 hpf) were first incubated with 5.0 μM of the probe for 60 min, in the dark, and then washed three times with E3 medium before exposure to the selected concentrations of ZnO NPs dispersion, with or without 5 µM resveratrol. Before proceeding to further analysis (imaging and quantitative assessment), embryos were anesthetized with tricaine. Fluorescence intensity was measured with GENios plus microplate reader (Tecan, Männedorf, CH) at the excitation wavelength of 485 nm and an emission wavelength of 535 nm, using a 96-multiwell dark plate with 5/6 embryos per well. Results were normalized to background fluorescence, in both wells containing only solution and wells containing zebrafish embryos untreated with ROS probe. Data are representative of five independent experiments with a total number of 50/60 embryos for each experiment and were expressed as a means ± SD of the relative fluorescence unit (RFU) values. Imaging and qualitative ROS evaluation were carried out by observation of live embryos under a fluorescence microscope Zeiss (SteREO Discovery V8 Microscope) \[[@B65-ijms-21-03838],[@B66-ijms-21-03838],[@B67-ijms-21-03838],[@B68-ijms-21-03838],[@B69-ijms-21-03838]\].

3.7. Mitochondrial Membrane Potential (ΔΨm) Measurement {#sec3dot7-ijms-21-03838}
-------------------------------------------------------

JC-1 is a cationic dye that accumulates in mitochondria in a membrane potential-dependent manner. At low membrane potentials, JC-1 exists in monomeric form and emits green fluorescent (490 nm excitation/530 nm emission), whereas at high membrane potential is in an aggregated form and exhibits a red fluorescent (530 nm excitation/590 nm emission). A decrease in membrane potential is, therefore, indicated by a fluorescence emission shift from green to red. A 1.5 mM stock solution in DMSO was prepared according to the manufacturer's instructions. 72-hpf zebrafish embryos were incubated in the dark for 30 min with 5.0 μM JC-1 solution in PBS. After incubation time, embryos were washed three times with E3 medium and then treated with selected concentrations of ZnO NPs, with or without resveratrol. Fluorescence intensity was measured with GENios plus microplate reader (Tecan, Männedorf, CH) with both red (535--590 nm) and green (485--535 nm) channels, using a 96-multiwell dark plate with 5/6 embryos per well. The images were captured using a fluorescent microscope with red and green channels. Both qualitative and qualitative analyses were performed in vivo with tricaine-anesthetized embryos. Data (representative of 5 independent experiments with a total number of 50/60 embryos for each experiment) are expressed as a means ± SD of the relative fluorescence unit (RFU) values and have been normalized to background fluorescence (wells containing only solution and wells containing zebrafish embryos untreated with JC-1 probe). The results expressed as the ratio of average red/green fluorescence signals represent quantification of the degree of Δψm level \[[@B43-ijms-21-03838],[@B44-ijms-21-03838],[@B45-ijms-21-03838]\].

3.8. Apoptosis and Necrosis Determination {#sec3dot8-ijms-21-03838}
-----------------------------------------

Apoptosis and necrosis were detected by dual staining with two fluorochromes, acridine orange (AO) and propidium iodide (PI), both able to intercalate DNA and to emit green and red fluorescence, respectively. Double staining AO/PI offers the advantage of discriminating between live, apoptotic, and dead cells. AO is membrane permeable and can only stain viable cells, which appear with a green nucleus, and early apoptotic cells, showing a bright-green signal due to chromatin condensation. Propidium iodide can cross-cells, which have lost their membrane integrity (late apoptotic and necrotic cells) and emit red fluorescence. It is worth to be mentioned that AO can intercalate both dsDNA and ssDNA or RNA. When it is bound to dsDNA, emit a green fluorescence, but when it intercalates ssDNA or RNA, the fluorescence signal is red. However, with AO/PI double staining, only dead nucleated cells fluoresce red and live nucleated cells in green. This is due to the Förster resonance energy transfer (FRET) phenomenon for which the PI signal absorbs the AO signal, without overflow or double-positive results. Twenty four-hpf zebrafish embryos were used for treatment with selected concentrations of ZnO NPs dispersion, with or without resveratrol. For apoptosis/necrosis analysis by AO/PI double staining 48, 72, and 96-hpf Zebrafish embryos were incubated with 10 μg/mL AO and 10 μg/mL PI for 15 min, in the dark, then they were washed three times with E3 medium. A quantitative analysis was performed measuring fluorescence intensity with GENios plus microplate reader (Tecan, Männedorf, CH) with 485 excitation/535 emissions for AO and 493 excitation/f632 emission for PI. A total of 50 embryos (five per well) were used in a 96-multiwell dark plate. The results are representative of three independent experiments and are expressed as a means ± SD of the relative fluorescence unit (RFU) values. Data are normalized to background fluorescence (wells containing only solution and wells containing unstained zebrafish). Imaging analysis was carried out with a fluorescent microscope with both red and green channels using live embryos anesthetized with tricaine \[[@B58-ijms-21-03838],[@B70-ijms-21-03838]\].

3.9. Statistical Analysis {#sec3dot9-ijms-21-03838}
-------------------------

Data are expressed as means ± S.D. of three or five different experiments. One-way analysis of variance (ANOVA) followed by a posthoc Newman--Keuls Multiple Comparison Test was used to detect differences of means among treatments with significance defined as *p* \< 0.05. Statistical analysis was performed using GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego, CA, USA).

4. Conclusions {#sec4-ijms-21-03838}
==============

In the present work, we provided evidence that resveratrol can reduce ZnO NP-induced zebrafish lethality and prevent damage during the embryos' development and vascularization. Mechanistically, resveratrol was able to inhibit oxidative stress, prevent mitochondrial dysfunction, and counteract cell apoptosis/necrosis elicited by ZnO NP. We are aware that the identification of the fine molecular mechanism of ZnO NP-induced cell damage requires further investigations. For instance, whether resveratrol protection and antioxidant effects against ZnO NPs are due to its direct scavenger action or activation of antioxidant defense mechanisms remains to be elucidated and will be the goal of our future investigation. Nevertheless, this work provides further evidence concerning the primary role of oxidative stress in NPs induced damage, and a potential role that antioxidants may exert in counteracting nanomaterial toxicity.
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![Resveratrol protects zebrafish embryos form ZnO NP-induced mortality. (**A**) log-dose vs. response curve for LC50 determination (see the Materials and Methods for more details). (**B**) The survival rate of the zebrafish embryos treated with different concentrations of ZnO NPs compared to the untreated control group and recovery assay following treatment with 5.0 µM resveratrol (3 mg/L + RES). RES, resveratrol.](ijms-21-03838-g001){#ijms-21-03838-f001}

![Resveratrol decreases ZnO NP-elicited pro-oxidant effect in zebrafish embryos. Quantitative analysis of ROS level in 72-hpf embryos after exposure to 3 mg/L ZnO NP in the absence (ZnO) or the presence (ZnO + RES) of 5 µM of resveratrol. Fluorescence was measured with a GENios plus microplate reader using a wavelength of 485 nm (excitation) and 535 nm (emission). RES, resveratrol. Values are shown as mean ± SD, *n* = 5; \*, significantly different from untreated.](ijms-21-03838-g002){#ijms-21-03838-f002}

![Resveratrol counteracts ZnO NP-induced ROS production in zebrafish embryos. Qualitative localization analysis in 72-hpf zebrafish embryos after staining with 5 μM Carboxy-H2DCFDA probe. (CT) localization of ROS production in untreated zebrafish embryos. (ZnO) localization ROS production in embryos exposed to 3 mg/L ZnO NP. (ZnO + RES) localization ROS production in embryos exposed to 3 mg/L ZnO NP + 5 µM resveratrol. RES, resveratrol. Magnification 10×.](ijms-21-03838-g003){#ijms-21-03838-f003}

![Resveratrol protects mitochondrial function in zebrafish embryos exposed to ZnO NPs. Quantification of mitochondrial damage (green/red fluorescence ratio) in 72-hpf embryos after treatment with 3 mg/L ZnO NP in the absence (ZnO) or presence (ZnO + RES) of 5 μM resveratrol. Embryos were stained with 5 μM JC-1 probe. Fluorescence was measured with a GENios plus microplate reader using a wavelength of 485 nm (excitation) and 535 nm (emission). RES, resveratrol. Values are shown as mean ± SD, *n* = 5. \*, significantly different from untreated; \#, significantly different from ZnO.](ijms-21-03838-g004){#ijms-21-03838-f004}

![Resveratrol decreases mitochondrial damage induced by ZnO NPs. Qualitative analysis in 72-hpf zebrafish embryos after 5.0 μM JC-1 staining. Fluorescent microscopy images show mitochondrial membrane potential (ΔΨm) in untreated embryos (CT), 3 mg/L ZnO-treated embryos (ZnO NP), and embryos treated with 3 mg/L ZnO in the presence of 5 µM resveratrol (ZnO + RES). Red fluorescence, a sign of preserved ΔΨm, is clearly visible in both non-treated embryos and embryos treated with the addition of RES, whereas embryos treated with ZnO NP display a low red signal, along with a bright green fluorescent signal, index of mitochondrial membrane depolarization. RES, resveratrol. Magnification 20×.](ijms-21-03838-g005){#ijms-21-03838-f005}

![Resveratrol prevents ZnO NP-induced apoptosis and necrosis. (**A**) Percentage of apoptosis and (**B**) necrosis in 48, 72, and 96-hpf zebrafish embryos. Twenty four-hpf embryos were treated with 3 mg/L ZnO in the absence (ZnO) and presence (ZnO + RES) 5 µM resveratrol before proceeding with AO/PI double staining for apoptosis/necrosis quantification. Fluorescence was measured at the indicated hpf with a GENios plus microplate reader using a wavelength of 485 (excitation)/535 (emission) for AO and 493 (excitation)/632 (emission) for PI. RES, resveratrol. Values are shown as mean ± SD, *n* = 5. \*, significantly different from untreated.](ijms-21-03838-g006){#ijms-21-03838-f006}

![Resveratrol counteracts ZnO NP-induced apoptotic and necrotic fluorescence signals. Fluorescent microscopy images of AO/PI double staining in zebrafish untreated embryos (CT), 3 mg/L ZnO-treated embryos (ZnO NP), and 3 mg/L ZnO + 5 µM resveratrol treated embryos (ZnO + RES). As compared to untreated embryos, ZnO NP-treated zebrafish embryos emit a strong green and red fluorescence signal evidence of increased apoptosis and necrosis, a phenomenon prevented by resveratrol treatment. RES, resveratrol. Magnification 20×.](ijms-21-03838-g007){#ijms-21-03838-f007}

![Resveratrol ameliorates cardiac vascular modifications and function induced by ZnO NP. Vessel diameter and blood flow velocity in the two major blood vessels (**A**) dorsal aorta (DA) and (**B**) posterior cardinal vein (PVC) was measured in 96-hpf zebrafish embryos treated with 3 mg/L ZnO NP w/wo 5.0 µM resveratrol. RES, resveratrol. Values are shown as mean ± SD, *n* = 5. \*, significantly different from untreated; \#, significantly different from ZnO.](ijms-21-03838-g008){#ijms-21-03838-f008}

![Resveratrol ameliorates alterations in the width of intersegmental vessels. (**A**) Representative fluorescence pictures depicting intersegmental vessels (ISVs) in the 96-hpf Fli1-GFP embryos exposed to 3 mg/L ZnO-NPs (ZnO) indicting a reduced vessel width as compared to the dimension of the control group (CT). Embryos exposed to 3 mg/L ZnO + 5 µM resveratrol (ZnO + RES) display a decrease in the incidence of modified vessels, which appear both regular and with reduced NP-induced phenotype modification. Scale Bar 50 µM. (**B**) Quantification of vessel diameter was performed using ImageJ (v1.44 public domain software <http://rsbweb.nih.gov/ij/>) in 96 hpf embryos. RES, resveratrol. Values are shown as mean ± SD, *n* = 20. \*, significantly different from the untreated. (Magnification 20×).](ijms-21-03838-g009){#ijms-21-03838-f009}

![Resveratrol decreases the thickness of the blood vessel in ZnO NP-treated embryos. (**A**) Vessel of caudal vein plexus region of 96-hpf Fli1 embryos treated with 3 mg/L ZnO NP (ZnO) showed a significant increase in green fluorescence intensity (Thickening) compare to the untreated group (CT). Treatment of 5 µM resveratrol resulted in the prevention of NP-induced GFP signal increment (ZnO + RES). Regions of interest are marked by a white bracket. (**B**) Quantification of vessel thickness intensity was performed using ImageJ (v1.44 public domain software <http://rsbweb.nih.gov/ij/>) in 96-hpf embryos. RES, resveratrol. Values are shown as mean ± SD, *n* = 20. \*, significantly different from the untreated. Magnification 20×.](ijms-21-03838-g010){#ijms-21-03838-f010}
